T he american cranberry, a commercially grown fruit native to bogs of eastern North America, is a low-growing, vine-like woody perennial that forms a dense mat on the soil surface (Eck, 1990 ). Short vertical stems, known as uprights, arise from the vine or from older uprights (Eck, 1990) . Although individual uprights bear fruit biennially, overall yield does not usually alternate due to large upright populations found on cranberry beds (Roper and Vorsa, 1997) . Fruit set is the most important component in cranberry yield (Baumann and Eaton, 1986) . Flowering uprights bloom acropetally, and failure of upper fruit development on an upright is likely due to depletion of carbohydrate resources during the initial stages of fruit set (Birrenkott and Stang, 1990) . Low fruit set (Roper and Vorsa, 1997) , biennial bearing (Birrenkott et al., 1991; Strik et al., 1991) , and low carbohydrate concentrations at the beginning of fruit set (Hagidimitriou and Roper, 1994) are some indications that cranberry vines are under constant carbohydrate stress. A signifi cant cause of carbohydrate stress in vines may be prolonged periods of net respiration during fl ooding (Botelho and Vanden Heuvel, 2005; Vanden Heuvel, 2005) .
Flooding is a common management tool used by cranberry growers for several benefi cial purposes. "Winter" fl oods are used for protection against dry winter winds in cold climates (i.e., Massachusetts, New Jersey, and Wisconsin). "Late water" (LW) and "fl ash" fl oods are used for weed reduction and pest control (Averill et al., 1997; Cockfi eld and Mahr, 1992; Marucci and Moulter, 1971) . "Harvest" fl oods are used as a means to harvest fruit and remove fallen leaves, and are sometimes extended to control insects and weeds. Current recommendations for fl ooding in Massachusetts include a possible 1-month fl ood in the early fall to assist with the control of cranberry fruitworm (Acrobasis vaccinii) and dewberry (Rubus hispidus) (DeMoranville et al., 2005) . Dormant cranberry vines are more fl ood tolerant than actively growing vines, and can survive several months of submergence under a winter fl ood, when soil and plant temperatures are low (Crane and Davies, 1989) . Conversely, vines are severely damaged by short-term fl ooding during the growing season, when temperatures are high (Stevens and Thompson, 1942) . Water temperature (Vanden Heuvel, 2005) and dissolved oxygen (DO) concentration (Botelho and Vanden Heuvel, 2005) likely play a large role in the effect of fl ooding on the vines. However, lack of research regarding risks associated with fl ooding and the physiological effects of fl ood application on vines has resulted in growers and extension personnel making educated guesses at best-management practices. Further investigation is needed to update current recommendations to growers regarding fl ooding practices.
Investigating the effect of fl oods on fi eld-grown cranberry vines with proper replication is diffi cult. It is impossible to replicate fl ooding treatments on a production bed, as every bed within a group will typically be fl ooded. Comparisons may be made on a site-to-site basis (Averill et al., 1997) ; however, there is a great deal of variation between sites with respect to management practices, as well as vine age and health. One factor that can make site-to-site comparisons even more diffi cult is distance between comparison sites, as greater distances between comparison units increase the likelihood of variation in the fi eld. While controlled environment studies provide some insight into fl ooding effects on cranberry vines (Botelho 
Materials and methods
PLANT MATERIAL-SEASONAL CAR-BOHYDRATE TRACKING. 'Stevens' and 'Early Black' uprights The cultivars were located on the same bed at each site and, therefore, received the same fl ooding treatments. At each site, a portion of the bed was divided into four 25-m 2 repetitions, from which two subsamples were collected randomly for a total of eight subsamples per sample date. Tissue samples, including above-ground (uprights and woody stems) and below-ground (roots and below-ground woody stems) growth, were collected on a monthly basis from Apr. 2003 through Nov. 2004 . Samples were also collected prior to and immediately following all fl ood events ("fl ash," "harvest," and "winter" fl oods).
PLANT MATERIAL-COMMERCIAL SITE FLOOD SAMPLES. LW fl oods were monitored at six sites, one of which was sampled for 2 years. Seven fl ash fl ood sites were studied over a 2-year period. Harvest fl oods were investigated at 17 sites, many of which were sampled over multiple years, for a total of 29 harvest fl oods. Above-ground tissue samples were collected pre-and post-fl ood. At these locations, repetitions were chosen based on the natural formation of a bed (i.e., location of interior ditches) and ranged from approximately 25 to 100 m 2 among sites, but were generally consistent in size within a site. Eight subsamples were removed from each site immediately prior to and following each fl ood.
On each sampling date, uprights were cut at the soil level within a 6-cm-diameter circle and placed in paper bags. When root samples were collected, below-ground stems and roots (combined) were removed with an auger (depth = 22 cm, diameter = 6 cm), at the same location from which uprights had been cut, and bagged. Upon returning to the laboratory, upright samples were immediately placed into a drier at 80 °C for a minimum of 5 d. Root samples (including belowground stems) were washed carefully and bagged the same day, and dried. Dry samples were weighed and ground to 40 mesh using a Wiley mill.
CARBOHYDRATE ANALYSIS. HPLC analysis was used to determine sucrose, glucose, fructose, and starch concentrations in 100-mg upright and root subsamples, according to the methodology described by Botelho and Vanden Heuvel (2005) .
FLOOD CONDITIONS. During fl ooding events, water and air temperature, water depth, water clarity, and DO above the tissue sample collection plots were measured periodically throughout the fl ooding duration. Water clarity was determined by measuring light penetration through the water to the vines using an underwater quantum sensor attached to a LI-1400 data logger (LI-COR, Lincoln, Nebr.). The quantum sensor was positioned parallel to the ground at the top of the vines, approximately 13 cm above the soil surface. Water depth was measured from the top of the vines to the surface of the fl oodwater so that light penetration data could be better correlated with attenuation and vine health. Dissolved oxygen and temperature of each fl ood were recorded in water above the sample collection plots using a DO meter (YSI 55; YSI, Yellow Springs, Ohio) . Two subsample measurements were made above each repetition. These measurements were made on an approximate weekly basis during the month-long LW fl oods, on the only full day of the 48-h fl ash fl oods, and approximately every 3-4 d during variable-length harvest fl oods (harvest fl oods ranged from 3 to 27 d in duration). Presented data should not be considered absolute highs and lows for each site, as data were point measurements.
DATA ANALYSIS. Least square means for pre-and post-fl ood samples were generated using SAS (SAS Institute, Cary, N.C.). Path analysis, a form of multivariate analysis, was performed on the data from the fall fl oods only (due to the larger number of observations), following the procedure of Bowley (1999) , in order to evaluate the contributions of fl ood parameters to changes in total nonstructural carbohydrates (ΔTNSC) during the fl ood. As there is a great deal of variation between sites in this study (due to cultivar, site conditions, site management, fl ood durations, water conditions, etc.), the results of this statistical analysis are only an indicator of the strength of contributing factors to ΔTNSC.
Results and discussion

EFFECTS OF "LATE WATER" FLOODS.
Overall, TNSC of uprights exposed to LW fl oods either improved during the fl ood, or slightly decreased. Four of the seven LW fl oods resulted in a decrease in vine TNSC; however, decreases were <10% on three of those sites (Table 1) . We assumed that ΔTNSC >10% likely had a signifi cant impact on the vine. Only one LW fl ood (Site 2) resulted in a substantial decrease (-32%) in TNSC when the pre-and post-fl ood samples were compared. Of the three sites in which increases in TNSC were observed, increases were substantial at two of those sites (Site 1 in 2003 = +22%; Site 3 = +36%).
Changes in TNSC appeared to be correlated with fl ood water temperature during LW fl oods. Site 2 had the greatest decrease in vine TNSC (-32%), and was also the warmest fl ood measured (maximum measured temperature, 25.7 °C). This site did not hold water well and, as a result, the fl ood was shallow and warmed quickly. (Table 1) .
Partitioning between carbohydrates was affected when pre-and post-fl ood samples were compared for all LW fl oods. Prior to fl ood application, soluble carbohydrates (glucose + fructose + sucrose) accounted for more than 70% of TNSC (data not shown) compared to 32% to 43% of TNSC after the fl ood. Not only were soluble carbohydrates likely respired during the fl ood, but increases in starch concentration during the fl ood (data not shown) may be attributed to the possible conversion of soluble 
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carbohydrates into starch. A similar result was reported in a greenhouse study simulating LW fl oods (Botelho and Vanden Heuvel, 2005) . However, these partitioning changes in uprights may not be due to fl ood application; 'Stevens' and 'Early Black' sites have shown increases in starch concentration and decreases in soluble carbohydrate concentration at this time of the year regardless of whether they were exposed to a fl ood (Figs. 1-4) . In 2004, additional upright samples were removed from all LW sites 2 weeks after the post-fl ood collection date and analyzed for TNSC (data not shown). Generally, TNSC in uprights increased over the 2-week post-fl ood period; however, this increase was generally due to substantial increases in starch rather than changes in soluble carbohydrate concentrations (<1 mg/100 mg).
In contrast to the results presented here, ΔTNSC has been reported to decrease drastically during a simulated LW fl ood using potted vines (Botelho and Vanden Heuvel, 2005) . The differences between studies may be due to the degree of dormancy in the vines. While vines in both studies were subjected to the fl ood prior to terminal bud swelling, it is possible the potted vines in the greenhouse emerged from dormancy sooner due to warmer water temperatures. In the greenhouse study (Botelho and Vanden Heuvel, 2005) , and at Site 2, we noted an unnatural elongation of some uprights. This is likely temperature related, or may be due to application of the fl ood at a slightly later phenological stage.
Late water fl oods have been anecdotally related to poor yields; however, with the exception of Site 2 in 2004, there was little evidence to support detrimental effects of this fl ood during the years of this study, although further study is required. We hypothesize that problems that cranberry growers report as associated with late water fl oods may be due to application of the fl ood at a slightly later phenological stage, as most growers apply these fl oods based on calendar date. Flood application by growing degree-day accumulation, rather than by calendar date, may be a more reliable method for determining application date and preventing vine damage.
EFFECTS OF "FLASH" FLOODS. Of the seven fl ash fl oods investigated, there was a decrease in upright TNSC between pre-and post-fl ood samples at three sites. However, at only one site did the fl ash fl ood detrimentally affect ΔTNSC substantially, with a reduction of 18% (Site 11, Table 1 ). It is unclear why uprights at this site were detrimentally affected, as fl ood duration, water temperature, DO, and water depth did not differ greatly from other sites where upright ΔTNSC was unaffected (Table 1) . Increases in TNSC during the fl ash fl oods were as high as 12%.
A fl ash fl ood was investigated at one site where carbohydrate accumulation patterns were being tracked throughout the season (Figs. 1 and 2) . In May 2003, 'Early Black' uprights at Site 7 (Fig. 1A) exhibited a 22% increase in starch after a fl ash fl ood was applied for pest control; however, this fl ood may not have caused the increase, as starch typically increases during the spring on nonfl ooded sites (Figs. 3 and 4; Hagidimitriou and Roper, 1994) . The pattern of TNSC accumulation did not appear to be negatively affected by the fl ood, as TNSC concentrations increased by 7%. 'Stevens' uprights sampled on the same bed at Site 7 had similar results (Fig. 2A) . The only carbohydrate pattern change seen as Table 1 .
a result of this fl ood was an atypical increase in sucrose concentration in both cultivars (data not shown). Partitioning among carbohydrates did not appear to be signifi cantly affected by the use of a fl ash fl ood. The concentration of soluble carbohydrates either decreased slightly or remained the same, while the concentration of starch either remained similar or increased during the fl ood (data not shown). A similar pattern was noted on nonfl ooded sites at that time (Figs.  3 and 4) .
Poor water clarity (i.e., low PAR penetration to the vines) has been anecdotally linked by the cranberry industry to poor vine performance following a fl ood. Only one fl ash fl ood site had PAR <1000 µmol·m -2 ·s -1 . Although Site 9 had dark water (<300 µmol·m -2 ·s -1 PAR), upright TNSC was not negatively impacted by the fl ash fl ood.
The phenological stage of the vine at the time of the fl ash fl ood, as well as the low water temperature and the brevity of this type of fl ood are likely factors that prevented fl ash fl oods from detrimentally affecting long-term upright TNSC. Upright and root TNSC increased on nonfl ooded sites at this time (Figs. 3 and 4) , indicating that vines may have been able to recover quickly from the fl ood.
EFFECTS OF "HARVEST" FLOODS. On sites in which seasonal carbohydrate concentrations were continuously tracked over 2 years, four harvest fl oods were monitored. In 2003, the harvest fl ood applied to Site 7 (Fig. 1A) caused a 12% decrease in the TNSC concentration of 'Early Black' uprights (Table  1, Fig. 1A ). Starch concentration of 'Early Black' uprights decreased by 23% during this fl ood; however, decreases in starch concentrations were typical during the fall (Figs. 1-4 ; Hagidimitriou and Roper, 1994) . In 'Stevens' uprights ( Fig. 2A) , a decrease of 6% in TNSC concentration caused a small interruption in the fall accumulation pattern. Root tissue sampled from both cultivars for the 2003 harvest fl ood at Site 7 (Figs. 1B and 2B) did not reveal any changes from the normal carbohydrate accumulation pattern. At Site 12, TNSC concentrations in 'Early Black' uprights ( Fig. 3A) were not adversely affected by the 2003 harvest fl ood. A 20% increase in starch was observed, though increases in starch concentrations in the fall were normal (Figs. 1-4 ). TNSC and soluble sugar accumulation patterns in 'Stevens' uprights at Site 12 (Fig. 4A ) appeared to be disrupted by the fl ood, with decreases of 6% and 12%, respectively. Carbohydrate concentrations in roots of both cultivars were not affected by the 2003 harvest fl ood at Site 12 (Figs. 3B and 4B) .
In 2004, TNSC concentrations in 'Early Black' uprights at Site 7 (Fig.  1A) were not affected by the 3-d harvest fl ood. In 'Stevens' uprights ( Fig.  2A) , TNSC decreased by 5% and the accumulation pattern was disrupted by this fl ood. Root tissue sampled in 2004 at Site 7 (Figs. 1B and 2B) showed no pattern changes for both cultivars.
A loss of 14% of TNSC concentration and an apparent interruption in the fall accumulation pattern in 'Early Black' uprights (Fig. 3A) were seen as a result of the 2004 harvest fl ood at Site 12. Soluble sugars decreased by 24%, which caused an interruption in normal fall carbohydrate pattern. 'Stevens' uprights (Fig. 4A) had a 6% decrease in TNSC and 14% decrease in soluble sugars. TNSC increased in root tissue of 'Early Black' (Fig. 3B) and 'Stevens' (Fig. 4B) Table  1 .
patterns in root tissue were not affected signifi cantly by harvest fl oods. Harvest fl oods were investigated at an additional three sites in 2002, fi ve sites in 2003, and 13 sites in 2004 (Table 1 ). In general, fall fl oods had a negative impact on TNSC over the course of the harvest fl ood. The greatest decrease in TNSC was 42%, caused by a 14-d fl ood on 'Early Black' at Site 8 (Table 1 Data from Site 12 (containing 'Early Black', 'Stevens', and 'Howes') provide an opportunity for comparison of cultivars under similar fl ooding conditions. In 2002, TNSC decreased in all three cultivars during the 5-d fl ood (-18%, -32%, and -25% for 'Stevens', 'Early Black', and 'Howes', respectively). In 2003, 'Howes' at Site 12 had a 22% decrease in upright TNSC during the 3-d fl ood, while 'Early Black' had an increase of 6%. In 2004, 'Howes' again was detrimentally affected (-38%) compared to 'Stevens' (-6%) and 'Early Black' (-14%). The fl ood at Site 12 is an early fall fl ood, generally starting within the fi rst few days of October. A possible explanation may be that vines of different cultivars were at different phenological stages at the time of the fl ood. 'Early Black', an early ripening cultivar, may be closer to dormancy than other cultivars, and therefore not as susceptible to damage from fl oods, while 'Howes' may still be actively growing. In contrast, TNSC in 'Howes' growing on the same bed as 'Early Black' at Site 8 in 2003 decreased 17% (Table 1, Fig. 5 ), while TNSC decreased 42% in 'Early Black'. Later fl oods (late October, early November) on 'Howes', while lengthy (12 d each), had little effect on TNSC (Table 1, Fig.  5 ). 'Early Black' and 'Stevens', growing on the same bed at Site 7, reacted similarly to harvest fl oods (Figs. 1 and 2), exhibiting either a slight increase or decrease in TNSC. It is unclear why TNSC changes during fl ooding are inconsistent among sites within a given cultivar, although the hypothesis of a correlation between degree of dormancy and affect of fl ooding on TNSC warrants further investigation. The similarity in seasonal TNSC patterns between cultivars at the same site ( Figs. 1 and 2; Figs. 3 and 4) , as opposed to between cultivars at different sites, indicates that management practices likely have a signifi cant effect on carbon production and partitioning in cranberry vines.
Path coeffi cient analysis indicated that, with the exception of fl ood depth, most fl ood parameters play a role in affecting ΔTNSC during the fall fl ood (Table 2) , although due to variation between sites, these coeffi cients should only be used as an indicator of major effects. Flood duration, maximum recorded temperature, and minimum recorded DO concentration were all negatively related to ΔTNSC, while date of application (expressed as day of the year), minimum recorded temperature, and maximum recorded DO concentration were all associated with positive changes in TNSC.
Maximum recorded water temperature had the greatest negative impact on actual TNSC (Table 2) , likely due to increased respiration with increasing water temperature. Although many sites with low water (Bergman, 1943) for the duration of the fl ood, but TNSC of 'Stevens' and 'Early Black' was not signifi cantly impacted, perhaps due to the brevity of the fl ood. DO varies greatly during a fl ood and is dependent on weather conditions, water movement, and carbon exchange capacity of the vines.
Similar to the results from the spring fl oods, PAR penetration to the vines appeared to have little effect on ΔTNSC between pre-and post-fl ood samples (data not shown), although only two sites in this study had PAR levels <400 µmol·m -2 ·s -1
. As the light compensation point for uprights is low (<30 µmol·m -2 ·s -1 PAR) (Vanden Heuvel and Davenport, 2005) , it is likely that vines can still be net carbon producers during the daytime in fl oods with dark water.
Date of fl ood application in the fall had a signifi cant effect on ΔTNSC during the fall fl ood ( 'Stevens' (Figs. 3A and 4A) . Though pre-fl ood samples were collected on the day the fl ood was applied, it is uncertain exactly when the fl ood was completely removed from the site, as an ice layer remained above the vines when the fl oodwater was withdrawn. Post-fl ood samples were collected once the ice had melted completely. As all Massachusetts cranberry beds are fl ooded through parts of the winter, it is diffi cult to determine the effects of winter fl oods vs. normal ΔTNSC patterns during that period. 
Conclusions
This study provides a preliminary assessment of the impact of fl ooding on TNSC concentration in fi eld-grown cranberry uprights. The overall effect of fl ooding is dependent on the season of fl ood application. The winter and spring fl oods had little effect on TNSC concentrations in comparison to fall harvest fl ooding. Fall fl ooding appeared to interrupt the autumnal accumulation pattern of carbohydrates, but this effect was dependent on several fl ood parameters, such as fl ood duration, time of application, water temperature, and DO concentration. In addition, the opportunity for further carbohydrate accumulation in late fall may be lost due to harvest fl ooding, and it is likely that the vines have lesser amounts of carbohydrates for maintenance respiration through the winter and for spring growth as a result. These losses may become evident once spring growth begins developing. As TNSC was often negatively affected by fl ooding, the possibility exists for a direct negative relationship between fall fl ooding and yield of the following season's crop. Additional studies in controlled environments may provide a better idea of how specifi c fl ood parameters affect carbohydrate losses. The examination of interactions of specifi c fl ood parameters, such as DO concentration, water temperature, PAR penetration to vines, and timing of fl ood application within a season, would provide insight into how these factors affect fl oodrelated carbohydrate loss. Specifi c fl ooding schedules may be required for each cranberry cultivar/site based on accumulation of growing degree days. Additional research is needed to determine the relationship between fl ooding and yield.
Recommendations for cranberry growers in northeastern North America need to be adjusted to refl ect recent discoveries. We propose the following recommendations for growers based on our observations: 1. Short fl oods have the least detrimental effect on carbohydrate concentration of uprights, particularly during fall fl oods.
2. Cooler flood water likely reduces vine respiration, resulting in lower carbohydrate usage by the vine. For that reason, deeper fl oods are recommended due to the ability of a deeper fl ood to maintain cooler water temperatures for a longer period of time. Recharging of fl oods from the water source may also help reduce water temperature on the site.
3. Spring fl oods, particularly 48-h fl ash fl oods, should be considered a viable pest management tool on a healthy site.
4. Fall fl oods, particularly extended ones, should be applied as late into the harvest season as possible.
In order to further modify these recommendations, replicated experiments need to be conducted that ideally compare nonfl ooded and fl ooded treatments on the same site, so that direct comparisons among treatments within the same site can be made.
